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The pulsed-laser-excitation/resonance fluorescence technique was used to assess the efficiency of OH formation
following photoexcitation of N@at discrete wavelengths beyond the photodissociation threshold in the presence

of water vapor: N@ + H,O — HONO + OH

. Excitation at wavelengths between 432 and 449 nm was

found to lead to OH production via a facile sequential two-photon absorption by I8&ling to O{D) and

thus to OH in the presence of8, i.e., NQ + h

v — NO*, NO* + hv — NO**, NO ** — NO + O(‘D),

O(D) + H,O — 20H. The cross section for the transition KO < NO,* was found to be similar to that

for the NO* < NO; transition at 435 nm. At

532 nm, the two-photon process is not sufficiently energetic

to form O{D), and OH is not observed. An upper limit of approximately 7.0°° is found for the reactive
guenching of N@ by water vapor relative to collisional quenching. The atmospheric relevance of OH

formation via NQ excitation is discussed.

Introduction

The OH radical is the primary oxidant in the daytime
troposphere, and its concentration determines the lifetimes and
thus the abundance of most natural and anthropogenically
emitted chemical speciédncluding hydrocarbons, CO, NO
and SQ.

The photolysis of @in the presence of water vapor is the
major source of the OH radical.

0, + hv— 0, + O('D) (1)
O('D) + H,0— 20H 2)
o(D) + M — 0OCP)+ M ©)

The production rate of OH via £photolysis is given by
Ron = 2J(03)[O4]/(1 + ks[M]/ k;[H,0]) (i)

whereJ(O3) is the photolysis rate constant fog@nd is equal
to about 1x 1076 s71 at high latitudes in winterks is the rate
constant for collisional deactivation of @X) by air, andk; is
the rate constant for reaction of @) with H,O. This
expression yields OH production rates of<210° OH cn3
s1if [O3] = 0.05 ppm, and an #D pressure of 10 Torr is
assumed.

Tropospheric @ concentrations are influenced by fast gas-
phase photochemical cycfesnvolving NO,. NO, absorbs
sunlight strongly and is in rapid photochemical equilibrium
(photostationary state) with N@nd G (NOx = NO + NO,).

NO, +hyv—NO+ O 4)
O0+0,+M—0;+M (5)
NO + O;,—NO, + O, (6)

The steady-state £roncentration is given by
[O5] = J(NO,)[NO, )/ kNO] (i)

where J(NO,) is the rate constant for photolysis to ¥®j +
NO (4).
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Figure 1. The UV/vis absorption spectrum (Sigma) of N@ultiplied

by the quantum yield (QY) for dissociation to®§ + NO(IT) (dotted
line) and by the quantum yield for photoexcitation to N@olid line).

Additional reactions that oxidize NO to N(e.qg., with peroxy
radicals,

NO + RO,— NO, + RO (7
result in a net production of rom NO, photolysis. The above
discussion thus shows how OHg,@nd NQ are closely linked
in fast photochemical cycles.

The conditions under which £loss or production terms
dominate have been investigated in model calculations of the
global tropospheré,and the critical concentration of NO at
which G; formation is favored is estimated as about-20 ppt
(INOy] = 40 ppt). Such low concentrations of N@re usually
only found in very clean air. Recent estimdtssiggest that
about 65% of global tropospheric ozone is formed by the
oxidation of NO by HQ and the subsequent photolysis of NO

The absorption spectrum of N@isplays two broad continua
centered at ca. 400 and 210 nm with underlying fine structure.
In the troposphere the filtering effect ofs@neans that only
light of wavelengths longer than about 300 nm is intense enough
to initiate photochemistry. This paper therefore concentrates
on excitation in the long wavelength continuum of Négtween
about 400 and 600 nm.

The thermodynamic threshold for dissociation of Nifto
OEP) atoms and NO is 25130 cry corresponding to a

© 1997 American Chemical Society
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Figure 2. J values for photodissociation (left of solid vertical line)
and for photoexcitation (right of solid vertical line). J values are given
for zenith anglesZ) of between 20and 70 and at altitudes of 610
km.

wavelength of 398 nrh. The experimental observations indicate
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can be carried into the reaction with,® (i.e., no internal
relaxation before collision), we find that the generation of OH
radicals and HONO becomes a thermodynamically feasible
reactive quenching mechanisfiH;(10) = —25 kcal/mol)
NO,* + H,0— OH+ HONO (20)

Note that AH,(10) is calculated for products formed in the
electronic ground state, OH{) and HONO{A), whereby spin
is conserved. Even at wavelengths greater than 600 nm, the
photon energy is sufficient to make reaction 10 exothermic. By
contrast, the reaction of ground-state N@ith H,O to yield
HONO and OH is 40 kcal/mol endothermic.

Some evidence already exists for the enhanced reactivity of
electronically excited Ng which reacts with ground-state NO
to give either 2NO+ O,12714 or NO; + NO. 1516

NO,* + NO,—2NO+ O,
—NO; + NO

(11a)
(11b)

that O atom production takes place out to 424 nm, where excess

energy is provided by a combination of rovibrational excitation
and energy transfer from bath-gas molec§leEhe complexity

of the NG spectrum is due to strong coupling between3he
ground state and tH#8; and?B; excited states, yielding optically

Both of these reactions are endothermic for interaction between
two ground-state N@species. In addition, small yields ob®
have been observ&din the reactive collisional quenching of
NOy* by N,. Thus, should N& also react with HO, a

excited states that have considerable ground electronic statgnechanism for the N@initiated generation of OH radicals in
character. The high density of states results in an excited-statethe troposphere is available that bypasses the formatiors of O

radiative lifetime ¢aq) of between 30 and 2Q@s,”° depending
upon excitation wavelength. In contrast, the lifetime of the
dissociative staf€is close to 1x 10713s. Figure 1 shows the
absorption spectrum of NObetween 250 and 650 nm,
multiplied by the wavelength-dependent quantum yi€ldghe
dotted line thus represents dissociation to NO an#Ppénd
the solid line excitation to longer lived excited states which we
designate as N®.

NO, + hv — NO,* (8)

Although the integrated areas of the dissociative and non-

and its photolysis to GD), which in the winter months at low
zenith angles is slow due to the reduced solar flux at the shorter
wavelengths.

Under these circumstances, the rate of OH production is given

by
Ron = JedNOL)INO,J/(1 + ke[M]/ kyoH,O]) (i)

whereJeNOy) is the rate constant for nondissociative excitation

of NO,, kg is the quenching rate constant of My air, and

kio is the rate constant for reaction of MQwith H ;0.
Assuming a NQ@ concentration of 1 ppb and ars©oncen-

dissociative parts of the spectrum are similar, the solar spectrumtration of 0.05 ppm, an excitation rate that is 5 times the
shows a strong wavelength dependence in this region with aphotolysis rateJe(NO;) = 2 x 1072 s7%, and that HONO is

large increase in ground level irradiance going from 320 to 450

also rapidly photolyzed to OH and NO, then the rate constant

nm when the solar zenith angles are large (e.g., in the winter for NO* + H2O (ko in the above text) which is necessary to
troposphere). The relative rates of photodissociation (and thusgenerate OH at the same rate agpBotolysis is found to be 4

O(®P) production) to photoexcitation were calculated by con-
voluting the dotted and solid parts of the h§pectrum of Figure

1 with the solar spectrufi. For a zenith angle of 70°, the
photoexcitation of N@is calculated to proceed at a rate about

x 10713 cm?® molecule* s™1. This rate constant is about 0.2%
of the quenching rate constant for WOwith H,O. Thus, if
only 2 per mil of excited N@is reactively quenched by @

(10) rather than collisionally quenched (12), the reaction between

5 times that of photodissociation. The results are summarized NO>* and H,O would represent an equally important source of

in Figure 2. The fate of the excited NOwill be determined
by its fluorescence lifetimerf,g or quenching by the major
bath gases p O,, or H,O. The quenching rate constants have
been measured as 2710711, 3.0 x 107, and 1.7x 10710
cm® molecule s71 for N, O,, and HO, respectively. At
ground level the total quenching rate is 1108 s~1, resulting
in a NOy* lifetime of about 1.4 ns which is thus controlled
almost exclusively by collisional quenching.
NO,* + M — NO, 9)
As the quenching rate constants showOHs a particularly
efficient quencher of N&¥ and, despite its lower concentration
when compared to Nand Q in the troposphere, contributes

OH in the (weakly illuminated) winter troposphere as the

photolysis of Q and the subsequent reaction of-) with H,0.
NO,* + H,0— NO, + H,O (12)

In addition, the rate of N& formation via NO + Oz will

increase the rate of N® formation by about 10% under the

conditions of NQ and G given above and assuming about 50

ppt NO.

Photochemical experiments in environmental smog chambers
have been carried out for many years with the goal of deriving
reaction mechanisms for tropospheric oxidation processes and
to validate computer models of air pollution. As in the
atmosphere, OH radicals are often the primary oxidant. Several

about 8% to the total quenching rate if we assume 150 Torr of publications have drawn attention to unknown radical sources

Oy, 600 Torr of N,, and 10 Torr of HO. A NOy* molecule

in smog chamber experiments, which have been attributed to

that has absorbed a photon of wavelength 440 nm has 65 kcalthe formation (and subsequent photolysis) of HONO via a

mol energy over that of ground-state BT all of this energy

surface reaction of Noand HO*8 or between HN@and NO?°
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Experiments have also shown that not only the rate of OH laser pulse was calculated from the concentration of, Nk
formation but that of HONO formation is dependent on the measured photon fluence, and the known absorption cross
intensity of irradiation by UV-vis light2° The explanation section at the excitation wavelength.
given requires a photoenhancement in the rate of the hetero- OH generated in the laser pulse were excited using an OH
geneous N@+ H,0 reaction taking place on the walls of the resonance lamp to promote the GH{) <— OH(Z IT) transition
reactor. We note that reaction 10 would provide an alternative at~309 nm. The mildly focused light from the resonance lamp
mechanism for HONO and OH formation as observed in those crossed the laser beam at the focal point of a telescopic lens
experiments. system which directed resonantly scattered photons to a photon-
To investigate the possibility that reactive quenching o6NO  counting photomultiplier. The calibration of OH was achieved
by H,O to form OH and HONO can play a role in the by replacing the N@H,O/Ar flow with one of NbO/H,O/Ar at
troposphere (and in smog chamber experiments), we havethe same flow rate and total pressure @+-and Ar to preserve
carried out experiments to investigate the formation of OH in the resonance fluorescence sensitivity, which is dependent on
the pulsed-laser photoexcitation of M the presence of O the quenching of OHE™). The NO/Ar/H,O mixture, contain-

vapor. ing about 3x 10 molecules cm?® of N,O, was photolyzed at
193 nm using an identical beam geometry as in the—48D
Experimental Section and 532 nm experiments. Using the well-knowaCNcross

] ] ] section at 193 nm, and a quantum yield for OH formation of 2,
_ Formation of OH in the reaction between bf@nd H,0 was the concentration of OH could be determined via the calculated
investigated by the method of pulsed-laser-excitation/resonanceayient of NO dissociation. This required knowledge of the
fluorescence. Pulsed, tunable radiation of wavelengths betweer]aser fluence at 193 nm, which was measured using the joule
430 and 450 nm (line width= 0.15 cnT?) was obtained by  meter. A small correction {5%) was applied to take into
pumping a Lambda Physik Scanmate-2 dye laser with either a 5.cqunt the loss of OH via reaction of 10 with NO (ko/ki3
Nd:YAG laser (Quantel Brilliant B, pulse widt& 5 ns) or with = 1.92?) and also the photolysis of 49.
an excimer laser (Lambda Physik Lextra 50, pulse widtB0
ns). The dye used, coumarin 120, was excited at 355 nm (Nd:
YAG pump) or 351 nm (XeF excimer pump) at repetition rates
of between 5 and 10 Hz. The dye laser beam was expanded to 1 .
5 mm diameter and reduced to ca. 4 mm diameter by a set of O(D) + H,0 ~ 20H (2)
irises before entering the Teflon-coated stainless steel reaction O(lD) + N,O — products (14)
vessell through quartz windows at the Brewster angle. The 2
intensity was monitored with a calibrated joule meter upon
exiting through a second Brewster window.

The pulse energy of the pump laser was varied to provide
photon fluences of typically between 3 and 14 mXdor
expanded laser beams of 4 mm diameter. Some experime
were also carried out at 532 nm by coupling the secon
harmonic of the Nd:YAG laser directly into the reaction vessel
through the same set of irises. For those experiments in which
the Nd:YAG laser was used to pump the dye laser, the excimer
laser was run with ArF to generate 193 nm pulses. The 193
nm radiation was coupled into the reaction vessel via a beam

splitter, through the same irises, and was used to dissocidte N therefore constrained the experimental conditions to total
in the presence of 4D vapor to provide a calibration signal for ~ P'ESSUres of Ar bath gas of about 2.0 Torr angHoncentra-
OH (see below). tions of 2 Torr or below. The quenching rate constants fopNO

by H,O and Ar are 1.7x 1071° and 1.85x 1071 cm?
molecule! s71, respectively. The first-order loss rates for

N,O + hv (193 nm)— N, + O('D) (13)

The conditions most conducive to optimize the amount of
NOy* that is quenched by O rather than bath gas were those
of maximum HO vapor pressure. However, the sensitivity of
ntéhe resonance fluorescence detection of OH decreased rapidly
d with increasing HO partial pressure due to the very high
guenching rate const&atfor OHEZ") with H,O of (2—5) x
1071° cm® molecule® st Similarly, N; is a much more
efficient quencher of OHE™) than Ar and at a pressure of 20
Torr was found to reduce the OH signal to just 20% of that
obtained in the same pressure of Ar. These considerations

NO, was diluted as a ca. 5% mixture in Ar and its flow

regulated by a mass flow controller. A second, calibrated, Ar . - o
flow was directed through a 4@-filled bubbler at room NO; 1|slthulso72 >illf0“s * for :]I_uorebscigc_lt_e (basfe: (m’dd_55§
temperature and through a glass spiral maintained at tempera-q‘gf);’s_'l fc>><r ue?lchi(;r qbue?(fl'c;?rgofio Tgirsr %earr;satr;\at '330/
tures between 1 @h5 K below that of the bubbler to ensure f th Nc;j* ; 9 r)]/ d by LD ' der th : t°|
saturation. The resultant,B@/Ar mixture was mixed with the ot the IS guenched by under the experimenta
NO./Ar flow and a third calibrated flow of pure Ar before being Cond't'?nsti (S.eif'qlljemh';_]g by N—@ﬁ!“d bet negle::te? as ll\tISO
directed into a long-path optical absorption cell connected in gonAcen rz 'ﬁn IS OOIOW')t id e?uelnc '39 rate cr(])_ns ar; gﬂ%‘f
series to the RF cell. Absorption of light from a halogen lamp by br ?r? € are aimost1 egﬁlcaA, an ql:ﬁnc flng 0 dl'
over a path length of 975 cm was detected by a diode-array y DOth gases IS very smail. Ar was Inerelore used in
detector and was used to determine the,NM@ncentration. In preference of He to reduce d|ffu3|o_n.lThe typ|ca_l total flow
some experiments, the attenuation of the laser light upon rate was "?lbOUt 250 scem (EG8TP) m"T.)’ resulting in a total
addition of the NG flow to the reaction volume was measured pressure in the UV cgll of 24.Torr. and in the fluorescence cell
using the joule meter. In combination with the literature value OLZO Torrl.. The reIS|qunce time |ln thg quorgscEnce ceII”was
of the absorption cross section of PGt the excitation abou 1 s (linear velocity= 8 cm s %) and 20 s in the UV cell.

. NO,, purchased as #D; (Merck, 99.5%), NO (Hoechst,
wavelength and the pptlcal path between the two Brewster 99.5%), HO (distilled, Millipore), CH (Linde 99.9%), and Ar
windows (18 cm), this enabled the Nczoncentration to be (Linde 99.999%) were used without further purification
determined. The values obtained were consistent with the][NO ' P '
measurement described above, but was useful only for high
[NO,] when the averaged joule meter reading was sufficiently
accurate to detect the small absorption over 18 cm. The amount 432—449 nm Excitation. Figure 3 displays fluorescence
of NO, that was promoted into the excited state following the intensity as a function of time following the pulsed photolysis

Results



OH Formation in the Photoexcitation of NO J. Phys. Chem. A, Vol. 101, No. 23, 1997181

8000 99 2000
75 '
3 74 [‘w —_
. 6000 z. . ﬁ .l 150 g,
g ‘”USM\'/”“ . =
E = INERY * Y
gn 4000 _—:' 4] v \J \'; ) ,.)'J %\ J \1\ /Am\/v\/\‘ 1000 ?2
jan) S L v =
o g 34 g
2000 2 2 [0 =
o 1_
TDDDDEDUTDDHDDEETEDD T T T T T T 04 T T T T T —T -0
0 200 400 600 800 1000 1200 1400 1600 430 435 440 445 450 455
time [micro-s] Wavelength [nm]

Figure 3. Production and decay of OH following 439.4 nm photolysis Figure 5. The 426-460 nm visible absorption spectrum of Bine,

of a flowing NO/H,O/Ar mixture. The solid line is a pseudo-first-  left y-axis) and the OH signal height as a function of excitation
order fit to the decay as described in the text. The integration time per wavelength (solid circles, righy-axis). The OH signal has been
channel was 2&s; 3000 laser pulses were averaged at 10 Hz=eps  normalized for the number of photons per pulse, signal integration time,

counts per second. and laser fluence squared.
127 at the experimental temperature and pressure in ain{118-12
1 cm® molecule® s71) and confirms that the detected species is
i OH.

= 08 T Having established that OH is formed in the 439.4 nm

= g photolysis of NQ/Ar/H,O mixtures, a series of diagnostic tests
= 067 were carried out to ascertain whether reaction 10 is its source.

=l 04] .t Figure 5 shows a plot of initial OH signal intensity as a function

B of wavelength for a small section of the M®pectrum. The

0.2] 2 OH signal is gained by back-extrapolation of the exponential

decay of OH tat = 0 and has been normalized for number of
0, . . ; . ; laser pulses and integration time and the laser fluence squared

0 02 04 0.6 038 1 (see below). The N@concentration was held constant at about

6 a3 2.5 x 10" molecules cm? for the whole experiment; that of
(NO,J (10" em'] H,O was held ar<0.5 Torr. The measured laser fluence at

Figure 4. Dependence of the pseudo-first-order decay rkig) ©f each wavelength was converted to a number of photons/pulse
OH Ot” ﬂt“fa i”g;'_k C%’ge”ftr(‘?‘lﬂgloé T?Tq%ﬁltztgn??ngﬁggﬁgf;?;?te to make comparison between each wavelength meaningful.
constant ror b O . 1) x H H H H B
20 Torr of Ar and at 295 K. The error bars are statisticaf)(2 Zzsrigfgzﬁrxsgg??hzoggsgggfri?ﬁfhnr:[r:]aex?ngigrllgarui?]tii?;lty
in the OH signal correlating with peaks and troughs of theeNO
spectrum, and confirms that the initial absorption process
responsible for OH formation is by NO Note however that
this good agreement was only obtained when the OH signal
was normalized to the squared laser energy; otherwise, the
features of the N@spectrum were reproduced, but the relative
Jnagnitude of the signal did not match.

The energy dependence of the OH signal was therefore
measured as a function of laser fluence at a fixed wavelength
(439.4 nm) and fixed N@and HO concentrations similar to

(5 ns pulse) of a flowing mixture of N&Ar/H,0 at 439.4 nm.
The total pressure was 20 Torr with 19 Torr of Ar, 1 Torr of
H,0, and [NQ] = 3.33 x 10**molecules cm3. The measured
fluence was 14 mJ cnd. The laser was triggered at time
500 us in this trace. Twenty channels of data (50€) were
acquired prior to the pulse to establish the intensity of back-
ground scattered light from the resonance lamp. Once correcte
for this background signal, the decays were found to be
exponential and the decay rate linearly dependent on the initia
NO, concentration. Stray light following the laser pulse ; A . .
prei:luded the analysis of )t/hegdata up toﬂ%‘éafter the 20pns abovg. The results are'dlsplayed in E|gure 6 in which the In-
pulse was complete, and these data were not included in the(relaltwe pulse energy) is plotted against the extrapolated In-

nonlinear least-squares fit to the data represented by the solid(Signal) att = 0 for experiments with the Nd:YA_‘G laser used
line in Figure 3. q P y to pump the dye laser. The slope of the plot is 280®.12.

. . For comparison, the slope for the same plot for 193 nm
The background-corrected data were fit to an algorithm of photolysis of a NO/H,O/Ar mixture yields a slope of 1.14

the form 0.15. A slope of unity is expected for a single-photon process,
. whereas a slope of two is expected for a two-photon process.
[OH]; = [OH], exp(kyf) (iv) Using the Nd:YAG or the excimer laser to pump the dye laser
yielded identical slopes. An approximate dependence on the
wherek,q is the pseudo-first-order decay constant (i) of square of the initial NgF concentration could indicate not only
OH and is defined asist = kp[NO2], where ky is the two-photon absorption but also collisional interaction of two
bimolecular rate constant for the reaction of OH with N&d singly excited N@*. This could be ruled out by conducting
the given temperature and pressure. experiments at fixed energy and varying the NOncentration.
A plot of pseudo-first-order decay rate versus the optically In this case the dependence on [i@as found to be linear as
determined [NQ|, (Figure 4) yields a rate constant kf = shown in Figure 7.
(1.14 0.1) x 10712 cm® molecule’! s71. This is close to the The question remains how two-photon absorption by,NO

literature rate constant for the reaction between OH and NO can lead to OH formation in the Ar/NH,O mixture. Note
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Figure 6. Dependence of [OH]on the laser pulse energy. Open Figure 8. OH generated in the 435 nm photolysis of N@O/Ar
squares: 193 nm photolysis o£@® /H,O, slope= 1.14+ 0.15. Full (solid circles) or NQ/CH4J/Ar (open squares). Concentrations are given
circles: 439.4 nm excitation of NdH,O/Ar, slope= 2.06 + 0.12. in the text. cps= counts per second.

Open circles: 439.4 nm excitation of MB,/Ar, slope= 2.00+ 0.04.

The error bars are statisticaldfRerrors on the back-extrapolated OH  an experiment in which ca. 4 10" molecules cm?® of NO;

signal att = 0. was photolyzed at 435 nm in the presence of either 0.5 Torr of
H>O and 20 Torr of Ar or 0.65 Torr of CiHand 20 Torr of Ar

are displayed in Figure 8. The OH profiles in both experiments

8000 are clearly very similar, and as there is no obvious route to OH
1 1 formation via a reaction of N® in the CH, experiments, we
Z 6000 q conclude that GP) is responsible in both cases. The almost

= identical magnitude of the initial OH signal in both experiments
is thought to be fortuitous and is probably the result of the
2 greater quantum yield of OH production in the reaction ofi)(
with H,O being compensated by the lower quenching rates of
20007 - NOy* and possibly also reduced quenching of GEf() by CH,
as compared to ¥D. Experiments were also carried out in
0, which H,O was replaced by H Again OH was observed, and
the dependence upon energy was determined. The plot of
5 4 relative energy versus OH signal yielded a slope of 2:0004,

[NO,J [10™ em™] and we conclude that the two-photon formation of@)(and
Figure 7. Dependence of [OH]generated by photolysis at 435 nm  reaction with B are responsible. These data are also shown in
on the initial NQ concentration. The OH signal is normalized for total  Figure 6. In this case a stronger OH signal is seen due to the

integration time (cps= counts per second). Error bars are statistical formation of a second OH radical by
error (2) on the back-extrapolated OH signal.

=1
[
=~
=
=)

1 —_—

that the action spectrum for OH formation matches the structure O(D) +H,—OH+H (15)
in the NG, absorption spectrum, implying that sequential two- H+ NO,— OH+ NO (16)
photon absorption is taking place. Simultaneous two-photon
absorption is in any case highly unlikely considering the low  Previous experiments have also identified two-photon effects
photon densities in the unfocused laser beam (e.g., at 10 mJin the beyond-threshold dissociation of B2 and have shown
cn? and 20 ns pulse, the irradiance is<510° J s 'm~2 and the that pulsed (10 ns) laser excitation of tH# state (693.4 nm)
photon density is calculated as>4 10'2 photons cm?). We with laser energies between 1da@ J (giving rise to photon
suggest that a transition from the initially populated, mixed densities approximately 2 orders of magnitude greater than in
NO>*(2B1/2B,/?A,) state to the dissociative N (2 2B,) state the present study) results in®{ generation. As in the present
is possible at wavelengths close to 440 nm. This is an allowed study, sequential two-photon absorption was thought to be
transition due to the partial ground-state nature of the™NO  responsible.
excited state and corresponds to absorption of a single photon Taking the data from a typical NfDAr/H,O experiment in
of wavelength close to 220 nm to the’B, state, as has been  which the OH concentration was calibrated, we can derive the
observed in absorption spectroscopic studies. TAB,Xtate approximate cross section for the absorption of the second
dissociates to give @D) and NOEII) with a single-photon photon by NQ*. With a starting concentration of [N =
absorption threshold of 244 ntnalthough yields of G{) 2.8 x 10' molecules cm?® and a photon fluence of 13.6 mJ
remain substantial at wavelengths between 214 and 239 nm withcm~2 at 439.4 nm and by using the known absorption cross
the O{D) yield close to 40%6* section of NQ (o = 7.08 x 107%° cn? molecule’?), we calculate

O('D) is thus identified as the source of OH via reaction 2. that 6.0x 10 molecules cm® NO,* is generated in the pulse.
As a test of this supposition, experiments were carried out in As the identical slopes were obtained for Nd:YAG or excimer
which H,O was replaced by CH The rate constants for pumps, quenching of N® must be negligible within the
reaction of OID) with H,O and CH are 2.2x 1071%and 1.7 duration of the laser pulse (5 or 20 ns, respectively). In addition,
x 10710 cm?® molecule’® s71, respectively, and O and CH guenching of O{D) by Ar is negligible compared to reaction
pressures of 0.5 and 0.65 Torr were chosen to ensure that thevith H,O, and we assume that the concentration of OH (8.4
relative rates of quenching of &) with Ar (the quenching 10" molecules cm?d) is the same as the number of photons
rate constant with Ar is 7.6c 10712 cm® molecule® s™%) and absorbed by N@ per unit volume. (A small correction of
reaction with HO or CH,; were kept constant. The results of <10% is necessary to take into account reaction 6DPith
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NO, that does not give OH.) This of course also assumes thatfluence at 532 nm, similar errors in the calculation of [OH] in

all NOx** dissociates to O{D). If, however, we equate N&®*
with the 22B, state, and assume that the!D) yields obtained

the NbO photolysis at 193 nm, and any errors associated with
the relative rate constants for quenching of M®y H,0 and

by direct excitatio&* at 214-239 nm are applicable here, then Ar. Up until now we have used the data of ref 5 for the
the OH generated represents only about 40% of the totat NO  quenching rate constantg(Ar) = 1.85x 10~ cm® molecule’?
excited. We thus derive a very approximate cross section of s™%). We note, however, that a value of 3:2 107! cm?
ca. 5x 10719 ¢ molecule? for absorption of a photon of  molecule s for Ar quenching of NG* has been measured
wavelength 439.4 nm by N@ Consistent results#20%) were for 639 nm excitatiorf” Use of this quenching constant would
obtained when the laser fluence was halved to 6.8 nMdth result in 40% of N@* that is quenched by ¥D instead of 56%.
[NO,] held constant and when the NMQ@oncentration was  The upper limit to the relative contribution of OH formation in
increased to 4.% 10 molecules cm? with the laser fluence  the quenching of N& by water vapor then becomes7 x
(16.6 mJ/crA) held constant. Large potential errors on this cross 1075,
section arise from the indirect estimation of [B{Pand [OH] . .
via joule meter measurements of laser fluence and assumptiond!Scussion
concerning the yield of GD) from NO**. The magnitude of In the laser excitation experiments described above it was
the cross section appears, however, to be similar that for shown that the two-photon absorption of N&t wavelengths
absorption of a similar frequency photon by ground-state.NO between 430 and 450 nm is facile and leads tib{pproduction.
Sequential two-photon absorption and‘DY formation also ~ We now examine the possibility that this can occur with
most probably occurred in the experiments of Nizkorodov et sufficient efficiency in the troposphere to make it a significant
al. '8 who used photon fluences at 436.45 nm that were up to a source of OD). At a concentration of 1 ppb, the production
factor of 5 greater than in the present work. The linear rate of NQ* is approximatelyJex(NO2)*[NOz] = 5 x 10
dependence of Ngformation on pulse energy observed by these Molecules cm® s71, and the loss rate, mainly due to collisional

authors probably reflects the minor role of this process comparedduenching (see above), is about710° s™%. The production
to the NQ* + NO, reaction to give N@in the photolysis of and loss terms combine to result in a steady-state concentration

pure NQ samples, of about 1.4 molecules cr.

o : . By assuming similar oscillator strengths for the NG- NO,-
532 nm Excitation. The interfering feature of the two-photon . .
process is that it generates OH via'D). The thermodynamic (A1) andzNQ** Nof:: transitions as discussed above, and
threshold for two-photon generation of ‘@ from NO, that the 2_Bz state (NQ**) d|52300|ates to O“(Da), lee calcullate
excitation is 488 nm. This is calculated from the known 244 Eptrr(])ductlon ratef of 2.& 1,[0' t\r/:/woleﬁut[es crg S tt‘or g( II:\)@)O
nm threshold for D) production via one photon and assuming y the process of sequéential two-photon absorption by. s
no internal relaxation of N& before the second photon is comparison with the GD) production rate via @photolysis

absorbed. Thus, although excitatiortat 488 nm may involve of .approxi.mately < 10 O('D) em = s”* renders thie process
two-photon absorption, this cannot lead to'0), but possibly umnterestmg for the atmosphere. Indeed, any .reactlons efNO
to OEP) formation as previously observét’® Experiments with species other thand®, O, and N are unlikely to be of
were therefore carried out with excitation at 532 nm, by coupling importance under atmospheric conditions due to their low

) . . abundance.
the second harmonic of the Nd:YAG laser directly into the . L .
reaction cell. The cross section of M@t 532 nm is smaller By assuming that the reactivity of the excited state ofzNO

than that around 466450 nm @s3; = 1.44 x 10719 cn? formed by 532 nm excitation is applicable to the entire
molecule), but two-photon absorption do longer presents a nondissociative part of the NGspectrum, the value derived

~ 5 ~ 14
limitation to the photon fluence, and the low cross section can above ofkudfkiz ~ 7 x 10°° (or ky ~ 1.2 x 10714 c?

. . .~ _molecule’! s71) can be used to assess the potential significance
be compensated by high pulse energies to ensure sufficient . . )
population of NG*. of reaction 10 as a source of OH in the troposphere. Using eq

A flowi it £[NOJJ = 4.4 x 10° mol | 3 iii and the conditions outlined in the Introduction, we derive an
owing mixture o =4.4 x molecules cm

- ; upper limit to the rate of OH formation of about>3 10° OH
(measured by visible absorption), 2 Torr of® and 16 Torr cm-3s7L, less than 2% of the production rate vig @hotolysis.
of Ar was irradiated with 157 mJ/chper pulse at 532 nm.

Under these conditions, about 2710 molecules cm® NO»* Conclusions

was generated in the pulse. OH was n_ot detected in_ these The potential role of the reaction between M@nd H,0 as
experiments. Th‘? results of an OH calibration experiment 5 goyrce of OH in the troposphere has been assessed by exciting
carried out immediately afterward enabled the sensitivity to be NO; at discrete wavelengths between 430 and 450 nm and at
established under identical conditions. This was foundto be 1 535 1\ The experiments at 43850 nm revealed a facile

x 1077 counts/s (cps) per [OH]. An upper limit to OH sequential two-photon process that leads, vitDQ)(to OH. This
formation in the 532 nm excitation was obtained by fitting the  rqcess will be inefficient in the troposphere due to the low
scattered fluorescence S|grtal to an exponential decay with aphotolysis intensities and rapid collisional quenching of,KO
forced slope of 5300‘%, which corresponds to the expected At 535 nm no OH production was observed, enabling an upper
decay rate of OH in the presence of 4410'°cm 3 NO,. The limit of about 7x 1075 to be placed on the relative rate constant
back-extrapolated signal at= 0 was found to be 80& 600 o reactive quenching of N© to nonreactive quenching
cps. This is equivalent to about8 10° OH cms. Taking (collisional) by HO. If the reactivity of NQ* following

the relative efficiencies of quenching of N®@y Ar and HO excitation at this wavelength is representative of the entire
and the relative concentrations of2® and Ar, it can be  nongissociative part of the N@bsorption spectrum, we place
calculated that for this experiment 53% (410" molecules 4 ypper limit of about 2% to formation of OH via reaction 10

cm) of the NO;* was quenched by 0. An upper limit of in the troposphere when solar zenith angles are high.
aboutkyoki; = 8 x 10%1.4 x 10"~ 6 x 107> can be placed

on the relative contribution of OH formation in the quenching
of NO2* by water vapor. The value of & 1075 contains errors
due to the estimation of N®from joule meter reading of laser
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